Local spatial variation in species distributions is driven by a mix of abiotic and biotic factors, and understanding such hierarchical variation is important for conservation of biodiversity across larger scales. We sought to understand how variation in species composition of understory vascular plants, spiders, and carabid beetles is associated with concomitant spatial variation in forest structure on a 1-ha permanent plot in a never-cut mixedwood forest in central Alberta (Canada). Using correlations among dendrograms produced by cluster analysis we associated data about mapped distribution of all living and dead stems  1 cm diameter at breast height with distributions of the three focal taxa sampled from regular grids across the plot. Variation in each of these species assemblages were significantly associated with several forest structure variables at various spatial scales, but the scale of the associations varied among assemblages. Variation in species richness and abundance was explained mostly by changes in basal area of trees across the plot; however, other variables (e.g. snag density and tree density) were also important, depending on assemblage. We conclude that fine-scale habitat variation is important in structuring spatial distribution of the species of the forest floor, even within a relatively homogeneous natural forest. Thus, assessments that ignore within-stand heterogeneity and management that ignores its maintenance will have limited utility as conservation measures for these taxa, which are major elements of forest biodiversity.
Introduction
Linking habitat variability to biodiversity patterns is a major thrust of conservation biology, attracting significant effort on many scales (Noss 1990 , Gaston 2000 , Poiani et al. 2000 , Tscharntke et al. 2012 . Such work improves predictive understanding of spatial distributions of individual species and how assemblages vary in space as a result of changes in the environment (Whittaker et al. 2001 , Keitt et al. 2002 . Although it is widely accepted that biotic and abiotic factors act collectively to determine the persistence of a species at a given location (Hutchinson 1957 , Colwell and Rangel 2009 , Holt 2009 , and thus contribute to expression of its geographical range (Guisan and Zimmermann 2000 , Peterson 2001 , Soberon and Nakamura 2009 , the importance of particular factors varies with spatial scale and responses to a factor seen at one scale may differ at other scales (Bunnell and Huggard 1999) . For example, climate is the primary factor determining regional and global variation in vegetation, influencing species presence or absence at broad scales, while microhabitat heterogeneity influences species abundances and is vital for maintaining many species assemblages at more local scales (Ricklefs and Schluter 1993) .
Although large-scale spatial variation of species and vegetation has been arguably well studied (e.g. many climate envelope models have been developed to address regional variation in species), spatial variability of multispecies distributions at local scales is surprisingly poorly understood. This flows, in part, from poor understanding of patterns of habitat variation at fine scales (Bunnell and Huggard 1999) , perhaps because of challenges in unravelling real patterns from noise (i.e. random processes and stochasticity) at small scales. For obvious reasons, fine-scale variability has been widely studied in soil microbial communities and for those of small-bodied and dispersal-limited organisms (Borcard and Legendre 1994 , Ettema and Wardle 2002 , Green et al. 2004 , Nacke et al. 2016 ; however, research focused on fine-scale habitat variability in larger organisms that are generally less dispersal limited is scarce. In fact, it is frequently assumed to be unimportant ecologically, especially in forests where 'stands' have been considered as the basic habitat unit, given long-term interest on populations of traditional wildlife and trees. Nonetheless, such fine-scale variation is likely important for most forest diversity (Mehrabi et al. 2014 ).
Research about fine-scale spatial distributions of understory plants and invertebrates clarifies how various factors influence species coexistence and community assembly (Wiens et al. 1986 , Tokeshi 1999 , Kneitel and Chase 2004 , Reich et al. 2012 ) because species interactions, such as competition, typically occur at the neighborhood scale (Gotelli and Graves 2000, Emerson and Gillespie 2008) . Futhermore, environmental filtering (sensu stricto, i.e. inability of a species to persist at a site due to abiotic habitat conditions (Kraft et al. 2015) , including soil and topography) is often locally expressed (Weiher and Keddy 1999, Munoz et al. 2014) . In forests, within-stand habitat variability is expected to drive local species composition for small creatures, such as arthropods and understory plants, through responses to particular habitats and microhabitats (Uetz 1979 , Niemelä et al. 1992a , Koivula et al. 1999 , Wagner et al. 2003 , Ziesche and Roth 2008 , Burton et al. 2011 , Reich et al. 2012 . This is particularly relevant in the context of forest management and the maintenance of biodiversity because environmental structure is altered by human disturbances that are commonly rationalized and practiced at the stand scale. Improved understanding of local habitat variation and influences within stands could be significant, especially when land management activities tend to homogenize fine-scale variation (Work et al. 2010 , Pinzon et al. 2013 ).
Fine-scale spatial variation has been studied in arthropods, such as carabid beetles (Niemelä et al. 1992a , Koivula et al. 1999 , and spiders (Uetz 1975 , 1979 , Pearce et al. 2004 , Ziesche and Roth 2008 , and for understory vegetation (Palmer and Dixon 1990 , Herben et al. 1993 , Frelich et al. 2003 , Kembel and Dale 2006 , McIntosh et al. 2016 . However, most studies have been conducted in reference to effects of fine-scale variability of the ground or litter structure but have not considered potential effects of overstory structure at this same scale (but see Bergeron et al. 2011 Bergeron et al. , 2012 . Furthermore, local spatial variation in various trophic groups (vascular plants, ground and foliage predators) is rarely studied simultaneously with variation in local habitat structure.
Thus, given the strong stand-scale effects of the overstory on the composition of understory organisms (Niemelä et al. 1996 , Légaré et al. 2002 , Barbier et al. 2008 , Ziesche and Roth 2008 , Bergeron et al. 2011 , Fourrier et al. 2015 , we hypothesize: 1) the variation in forest structure at even more local scales has a direct influence on variation of both individual species and assemblages of understory vascular plants, spiders and ground beetles, 2) such influence varies among taxa due to species-specific habitat requirements, and therefore 3) relationships will vary among taxa in relation to different forest structural features (e.g. stem density or basal area), and lastly 4) that the variation in overall forest structure is useful to summarize relationships between microhabitat conditions and, through such connections, effectively predict both variation in species assemblages and the relative abundance of individual species.
Material and methods

Study area
Data for this study were collected from a 1-ha (100  100 m) permanent plot of mature and never-cut mixedwood forest located in the transition zone between the aspen parkland and the western boreal forest (Rowe 1972) in Alberta (Canada). The plot is located at the George Lake Field Station approximately 80 km northwest of the city of Edmonton (53°57¢25.38²N, 114°7¢27.52²W) and included all species of forest trees that are common in central Alberta in one relatively small area. The forest surrounding the permanent plot comprises about 180 ha of continuous forest and is a varying mixture of these common trees: poplars (Populus tremuloides and Populus balsamifera), birches (Betula spp.), and spruces (Picea glauca and Picea mariana) typical of this region of Alberta; for further details see Niemelä et al. (1992b) . The permanent plot was established during the summer of 2010 by mapping the distribution of all stems (alive and dead) greater than 1.0 cm in diameter at breast height (DBH) using a total station. Species identity and DBH were recorded for each of the mapped stems in the plot.
Data collection
Forest structure
Twenty-five non overlapping 20  20 m sub-plots ( Fig. 1) were established within the plot, and in each, the number (hereafter referred to as density) and basal area (m 2 ) of living and dead stems were organized in two principal summaries, as follows: 1) as univariate data of 22 forest structure variables including overall stem density and basal area, density and basal area of trees (excluding tall shrub species) in three DBH classes (DBH1:  5 cm, DBH2: 5-20 cm, DBH3:  20 cm) and density and basal area (only live stems) in three vegetation types (deciduous, conifer, and tall shrubs), and 2) as multivariate data by summarizing each of the above 22 variables summarizing forest structure by species. Variables extracted from these summaries were used to represent forest structure and its variability across the plot.
Species assemblages
Percent cover by species was recorded for all understory vascular plants in five evenly spaced 1  1 m quadrats placed within each sub-plot ( Fig. 1) , (Macdonald and Fenniak 2007) . Completion of the work, given limited manpower, required two seasons: the summers of 2012 and 2013. Species composition was assessed at the sub-plot level as the average percent cover of each plant species among the five quadrats. The pooled number of species and mean percent cover were summarized for each sub-plot. Understory plants were identified in the field using local field guides (Johnson et al. 1995, Beckingham and Archibald 1996) .
Assemblages of ground arthropods (spiders and carabid beetles) were assessed based on samples of single pitfall traps installed at the center of each sub-plot (Fig. 1) . Spiders and beetles are among the most diverse ground arthropods in boreal mixedwood forests and the most dominant and abundant taxa studied in forest stands, and sample sizes from pitfall traps are large enough to support study of spatial patterns in relation to forest structure and patterns of other selected biotic assemblages. Pitfall traps consisted of plastic containers (11.2 cm in diameter) placed in the ground with the rim leveled to the litter layer (Bergeron et al. 2013 ), filled to ca one-third with propylene glycol as preservative, covered with a plastic roof suspended over the trap (Spence and Niemelä 1994) . Traps were serviced every week during the ice-free seasons of 2011 and 2012 (late May-September). Assemblages were characterized at the sub-plot level by pooling the pitfall samples across the season, with abundance for each species standardized as catches per 100 trap days to account for minor trap disturbance ( 2%). The pooled number of species and total catch were also summarized for each sub-plot.
Spider assemblages associated with understory vegetation were collected from half of each sub-plot area by beating all shrubs onto a canvas sheet during the summer of 2013. As above, the pooled number of species and number of individuals were summarized for each sub-plot.
All specimens from pitfall traps and beating samples were sorted, preserved in 90% ethanol and returned to the laboratory for identification based on standard sources (Lindroth 1961 -1969 , Dondale and Redner 1978 , 1982 , Platnick and Dondale 1992 , Dondale et al. 2003 , Paquin and Dupérré 2003 . Only adult spiders and carabid beetles were considered in our analyses because juveniles cannot be reliably identified to species. Voucher specimens are stored in the Strickland Entomological Museum (Dept of Biological Sciences, Univ. of Alberta).
Data analyses
Variability in multivariate forest structure (i.e. using the 22 multivariate forest structure variables) was described among sub-plots using cluster analysis (average linkage with Euclidean dissimilarities). Likewise, variation in species composition of ground spiders, foliage spiders, carabid beetles, and understory vegetation was described at the sub-plot level using cluster analysis (average linkage with Bray-Curtis dissimilarities). Then we used the cluster dendrogram association metric B k (Fowlkes and Mallows 1983) to study relationships between each of the four assemblage dendrograms and each of the 22 forest structure dendrograms given the increasing number of clusters (k  2, 3,…, 12; i.e. dendrogram branches). Values of B k range between 0 and 1, with 1 corresponding to perfect association, that is, all sub-plots in both dendrograms are grouped together in the same way at a given dendrogram height (k; number of clusters). This procedure provides a measure of where the spatial scale of variation in environment and species composition is highest. It also relates species composition to environmental variability across the permanent plot. The dendrogram size (k) with the highest significant association (if observed B k is outside the 95% confidence interval around the expected B k as derived in Fowlkes and Mallows [1983] ) between the species and forest structure dendrograms was selected as the best depiction.
Spatial autocorrelation was assessed between observations among sub-plots based on Moran's I (Cliff and Ord 1973) using a range of lag distances from the focal point. Estimates of Moran's I vary from -1 to 1, with values significantly different from zero indicating either negative or positive spatial dependency, respectively. Lags are determined as a fraction of half the largest distance between centers of two sub-plots (113.1 m). A total of 5 lag distances were used in estimation of Moran's I in order to assure enough observations within each lag and also that the actual distance between observations (20 m) corresponded closely to one of the lags (in this case lag 2: 22.6 m); thus, distances corresponded to 11.3, 22.6, 33.9, 45.3 and 56.6 m, respectively. Spatial autocorrelation was estimated for 1) each of the 22 univariate forest structure variables, 2) species richness of each of the four assemblages, 3) catches for pitfall trap data, number of individuals for beating data and percent cover for understory vegetation data (hereafter abundance will be used to refer to each of these three measures), and 4) the abundance of the two most dominant species within each of the four assemblages. Dominance was assessed using a relative measure of dominance, which is a function of the relative frequency (proportion of sub-plots in which a species was detected) and the relative abundance of a species in relation to all other species in the assemblage (for more details see Pinzon and Spence 2010) .
The 22 univariate forest structure variables summarized at the sub-plot level were also used to explain richness and abundance patterns for each of the four assemblages considered in the study. Generalized linear models (GLM) for count data were fit with model residuals following a Poisson distribution (log link function). In those cases where data were over-dispersed, a negative binomial distribution (log link function) was used to develop the model. Final models were reached through backward selection of variables. Given that it is not possible to estimate R 2 for overall GLM models, the goodness of fit for each model was estimated using McFadden's pseudo-R 2 (McFadden 1974) , which is calculated as 1 -(residual deviance/null deviance), where the residual deviance represents the full model and the null deviance corresponds to a model with the intercept only (Zuur et al. 2009 ).
The 22 univariate forest structure variables were also calculated for four circular areas with increasing radius (2.5, 5, 7.5, and 10 m) centered at each sub-plot. These variables were then used in attempts to explain the abundance for each of the eight dominant species at the four spatial scales using GLM with negative binomial distribution, following the same procedure described above.
All analyses were carried out in R 3.2.2 (R Core Team). Dendrograms and GLMs were calculated using the 'hclust' and 'glm' functions, respectively, in the 'stats' package (R Core Team); GLMs with underlying negative binomial distribution were fit using the 'MASS' package (Venables and Ripley 2002) , and Moran's I correolograms were computed using the 'spdep' package (Bivand and Piras 2015) . Association between cluster dendrograms and dominance values were computed using custom-made R functions scripted by the authors.
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.4qq6v > (Pinzon et al. 2017) .
Results
Totals of 3308 live and 859 dead stems were tallied within the permanent plot, representing five tree and six tall shrub species (Table 1) . Distribution of each species was aggregated across the 1-ha plot, given that values of Ripley's K function were significantly higher than expected for a completely spatial random distribution at distances between 0.5 and 25 m. Similar patterns were observed for living/dead stems and living/ dead stems partitioned by DBH class, with only a few exceptions. White spruce live stems in DBH class 1 ( 5 cm), for example, were more randomly distributed at distances greater than 11.5 m, while balsam poplar stems in DBH class 3 ( 20 cm) were spatially clustered at distances between 4.4 and 9.9 m. Likewise, balsam poplar and beaked willow snags in DBH class 1 showed random distributions at distances  14 m and spatial clustering at distances between 13.8 and 23.1 m. And, finally, dead trembling aspen stems in DBH class 2 (5-20 cm) were randomly distributed at distances  6.5 m (Supplementary material Appendix 1). Thus, discrete spatial distributions were observed for each tree/tall shrub species within the plot ( Fig. 2) , with white spruce Picea glauca and birch Betula spp. being most widely spread, and larch Larix laricina most restricted. Three species of tall shrubs (Alnus crispa, Cornus stolonifera, and Salix pyrifolia) were omitted from all further analyses because they were relatively rare on the plot ( 20 stems each).
Likewise, totals of 97, 75, 27, and 70 species of ground spiders, foliage spiders, carabid beetles, and understory plants, respectively, were collected. Species accumulation curves for these assemblages (Fig. 3) reveal that a large number of the species likely present on the plot had been accounted for, with more than 70% of the expected number of species recorded for each taxon. The observed richness of ground spiders showed the lowest percentage (73%) in relation to the expected richness (using Chao's estimator (Chao 1987) , followed by carabid beetles (79%), and foliage spiders (82%), while observed richness of understory vegetation showed the highest percentage (88%) ( Table 2 ). About half of the total number of species were recorded from only five or fewer sub-plots (20% of the plot area; 64, 37, 10, 27 species of ground spiders, foliage spiders, carabid beetles, and understory vegetation, respectively), whereas about one-fourth (16, 21, 13, and 19, respectively) were present in 12 or more subplots (ca 50% of the plot area). Thus, on average, understory vegetation required the lowest number of samples to account for about 90% of the observed species (10 samples), followed by carabids (14 samples) and spiders (17 and 18 samples for foliage and ground, respectively). Similarly, four, seven, eight and 11 samples, respectively, were required to account for about 75% of the observed species.
Associations between variation in species assemblages and forest structure
We detected significant associations between variation in structure of species assemblages and several variables related to forest structure. Interestingly, particular associations occurred at different spatial scales. Scale of associations was denoted by the height (number of clusters or branches) at which pairs of dendrograms were compared (the largest number of dendrogram branches at which the two matrices showed maximum significant association; Table 3 , Supplementary material Appendix 2 and 3). Most associations were detected at medium to large scales within the 1-ha plot, based on relatively small dendrogram sizes; representing each subplot as an individual dendrogram branch produces the largest dendrogram size of 25; however, average dendrogram size for each focal taxon was as follows: ground spiders, 6.5; foliage spiders, 4.6; carabid beetles, 2.9; understory vegetation, 4.8, with finer scale associations indicated by larger dendrograms.
The scale at which associations with aspects of forest structure were detected varied within each assemblage. For instance, association between forest structure and carabid beetles varied little (2-5 clusters), whereas for the remaining assemblages it varied considerably more (3-9 for ground and foliage spiders, 3-12 for understory vegetation). Spatial variation in each of the four assemblages considered here was associated with variation of different forest structure variables (live stem density by species, density and basal area by vegetation type, tree density by DBH class and tree density of both DBH classes 1 and 2; Table 3 ; Supplementary material Appendix 3). In contrast, some other forest structure variables, including stem basal area by species, snag basal area by DBH class, and both tree and snag basal area of DBH classes 3 and 2, were associated only with the spatial variation of understory vegetation.
Variation in species composition across the plot was significantly associated among taxa. The highest associations (B k ) were between variation in understory vegetation and foliage spiders (B 5  0.81, i.e. association between dendrograms of size k  3) and carabid beetles (B 2  0.80), and the lowest association was between foliage spiders and carabid beetles (B 6  0.58) (Table 3, Supplementary material Appendix 2 and 3).
Overall, however, variation in forest structure was associated in complex and quite individualistic ways with variation in the structure of biotic assemblages of these three taxa. Variation in ground spider assemblages, for example, was significantly associated with eight groups of forest struc- Figure 2 . Spatial distribution of living (full points) and dead (empty points) stems of five tree and three tall shrub species within the George Lake permanent 1-ha plot. Individual stems are superimposed over a kernel-smoothed intensity function based on the point pattern stem density (darker grey denote higher stem density). Three of the tall shrub species are not shown because they have very low abundance in the plot; a full account of the total number of stems by species is summarized in Table 1. ture variables (Table 3 , Supplementary material Appendix 2 and 3), with the strongest association observed with variation in tree density of DBH class 1 by species (B 3  0.73) at a relatively large scale (Fig. 4a) . Variation for foliage spider assemblages was associated with nine such variables, but was most associated with tree basal area of DBH class 2 by species (B 3  0.75, Fig. 4b ) at a relatively large scale. Likewise, variation in carabid composition was significantly associated with that in nine groups of forest structure variables, showing the strongest association with snag density by species (B 3  0.78, Fig. 4c ). Variation in understory vegetation composition reflected a greater range of overstory traits (15 groups of forest structure variables), showing the highest association with variation in live stem density by species and tree density of DBH class 2 by species (B 3  0.76, Fig. 4d ).
Spatial structure
As expected, many forest structure variables were positively correlated at the shortest distance (lag 1: 11.3 m); overall snag basal area and DBH class 3 basal area were also positively correlated at lag 2 (22.6 m; Supplementary material Appendix 4 Table A1 , Fig. A1 ). Few variables, however, showed significant correlation at lags 3-5 (33.9-56.6 m), and in all cases, where associations were detected, spatial dependency was negative. Surprisingly we found no associations for a few variables, (Table 2) for each assemblage based on Chao1 (Chao 1987) . Table 2 . Spider, carabid, and understory vegetation observed number of species, and estimated species richness in the George Lake 1-ha permanent plot in the mixedwood boreal forest of western Canada (estimated richness based on Chao1 (Chao 1987) , values in parenthesis are standard errors; percentage column refers to the observed richness relative to the estimated). Singleton and doubleton values for plants are the number of species represented in one or two samples; thus, the estimated richness in based on incidence data (frequencies of species across the 25 sub-plots).
e.g. conifer stem density, snag density DBH class 2, conifer basal area, and snag basal area for both DBH classes 1 and 2. Similar patterns existed for species richness and abundance for all assemblages. Positive spatial dependence was detected in richness values for all assemblages except ground spiders at lag 1 (Supplementary material Appendix 4  Table A1 , Fig. A2 ); understory vegetation richness was also positively autocorrelated at lag 2 and negatively autocorrelated at lags 4 and 5. Although observations for both ground spiders and understory vegetation were independent at all distances, abundance of foliage spiders was positively autocorrelated at lags 1-2 but abundance of carabid beetles at lag 1 only. These results suggest that observations at the sub-plot level, in most cases, are independent to each other and that positive spatial dependency occurs mostly at distances shorter than the distance between sub-plots centers (20 m).
Patterns in species richness and abundance
Despite the relatively small scale over which samples were collected (1 ha), species richness for each of the four taxa considered here varied considerably across the plot (Fig. 5a) , with notably higher values in one of the sub-plots (sub-plot D1 as in Fig. 1 ) for ground and foliage spiders, at the NE corner of the plot for carabid beetles and on the S half of the plot for understory vegetation. Taken together, these results underscore the independent nature of local associations between forest canopy cover and three different biotic assemblages considered here. Despite the spatially associated variation detected, the species richness of carabid beetles was not significantly explained by any of the forest structure variables that we considered (Table 4) . Among the remaining assemblages, richness patterns for ground spiders (R 2  0.43) were weakly expressed only in terms of basal area, with snag basal area DBH 2 exhibiting the strongest negative influence and overall snag basal area the strongest positive influence (Fig. 5a, c) . Similarly, distribution of foliage spiders was explained mostly by snag basal area (R 2  0.67); however, negative effects of tree density DBH class 2 and tree basal area DBH class 3 were the most important variables (Fig. 5a, c) . The model for understory vegetation richness had higher R 2 (0.87) than did any of the models for the invertebrates, and it seemed to be driven by both basal area and stem density, with the strongest positive effect attributed to tall shrub density and the strongest negative effect attributed to live stem density (Fig. 5a, c) . Abundance for each assemblage also varied considerably across the plot (Fig. 5b) . Clearly, ground spiders were much more abundant in the same sub-plot in which this group exhibited the highest richness values (D1; NE plot corner). In contrast, foliage spiders showed a tendency to be more abundant on the NW half of the plot. Carabid beetles and understory vegetation were more abundant on the S half of the plot, in the area that mostly overlaps with the distribution of poplars (P. tremuloides, P. balsamifera), hazelnut Corylus cornuta and saskatoon Amelanchier alnifolia (Fig. 2) . Several forest structure variables explained the abundance of each of the four assemblages, including variables related to both basal area and stem density (Table 4) . Snag density of DBH classes 2 and 3 had the most important effect on foliage spiders (R 2  0.67) and understory vegetation (R 2  0.82), respectively (Fig. 5b, c) , whereas the abundance of ground spiders (R 2  0.53) and carabid beetles (R 2  0.75) was highly influenced by tree density of DBH class 2 (Fig. 5b, c) .
Dominant species
The two most dominant species of each taxon were widespread across the 1-ha plot (Fig. 6) . The dominant spiders of both guilds and the two dominant carabids were present in all 25 sub-plots. Among understory plants, Cornus canadensis Table 3 ).
was absent from only five sub-plots and Rubus idaeus from 4 sub-plots, both at the NE corner of the 1-ha plot. The abundance of each of these species varied across the plot and each was particularly and independently abundant in some areas. Among these eight dominant species, positive spatial autocorrelation was detected for the ground spider Allomengea dentisetis, the foliage spiders Helophora insignis and Dismodicus alticeps, and the carabid beetles Pterostichus adstrictus and Platynus decentis at lag 1; D. alticeps showed positive autocorrelation also at lag 2. Wild raspberry R. idaeus, A. dentisetis and D. alticeps showed negative autocorrelation at lags 3, 4, and 5, respectively (Supplementary material Appendix 4  Table A1 , Fig. A3 ).
The data show complex relationships in abundance of these eight species at each of the four spatial scales (2.5, 5, 7.5, and 10 m radius from sub-plot center) and with respect to several forest structure variables (Supplementary material Appendix 5 Table A1 ). Out of the 22 forest structure variables considered in these models, 13 explained significant variation in abundance of each of the eight species at least at one spatial scale. Deciduous basal area was selected as significant in most models (20 out of 32), followed by deciduous density and live stem density (18), and conifer density and tree density of DBH class 1 (16).
Abundances of the ground spider A. dentisetis, the foliage spider H. insignis, and the carabid beetle P. adstrictus Figure 5 . Spatial distribution of (a) richness, (b) abundance values of ground spiders, foliage spiders, carabid beetles and understory vegetation, and (c) forest structure variables within the George Lake permanent 1-ha plot.
were best explained (highest model R 2 ) at the smallest spatial scale around the sub-plot center (2.5 radius), by either tree or snag density of DBH class 1. Density of DBH class 1 trees positively influenced catches of both A. dentisetis and P. adstrictus, while snag density negatively affected the catch of H. insignis. Similarly, the abundance of the ground spider Ozyptila sincera canadensis, the carabid beetle P. decentis, and the understory plant C. canadensis were best explained at the largest spatial scale (10 m radius) where density of conifers and density DBH class 2 snags had the strongest positive influence. Conifer density was related to the abundance of O. sincera canadensis, and snag density to the other two species. The two remaining dominant species for which the models had significant explanatory power, the understory plant R. idaeus and the foliage spider D. alticeps, were best explained at intermediate spatial scales (5 and 7.5 m, respectively), with snag density DBH class 1 and overall snag density contributing the strongest effects.
Discussion
Our study links unusually detailed field data about local species composition and distribution of 269 species of spiders, beetles, and vascular plants with similar data about 11 overstory tree and tall shrub species. Our goal was to describe how local heterogeneity of biodiversity varies concurrently among these taxa. Although embedded within a relatively homogeneous and typical boreal mixedwood stand, variation in forest structure across our 1-ha plot was greater than initially estimated through a coarse visual scan. Instead, we have demonstrated relatively high fine-scale habitat heterogeneity in forest structure, which in turn likely drives the high number of species observed in the understory vegetation and in the litter layer of the forest floor (Niemelä et al. 1996 , Cramer and Willig 2005 , González-Megías et al. 2007 . Previous research in the study area has reported about 100 species of ground spiders (Buddle 2001 ) and 54 species of carabid beetles (Niemelä et al. 1992b ). Thus, known local richness of ground spiders is similar to that observed in the present study. Although local richness detected for carabid beetles is twice as large as on the plot, the records of Niemelä et al. (1992b) include habitats that differ from those of the plot (e.g. spruce bog, lakeside forest, and meadow); in fact, the number of carabid (25) species previously recorded Niemelä et al. (1992b) from within 1 km of our plot is similar to that reported here (27). Species numbers for foliage spiders or understory vegetation have not been specifically documented from the George Lake area, but based on information in field guides to the region, we are confident that diversity patterns revealed by this study are also representative of forest assemblages for these groups in the local upland mixedwood forest. Most forest biodiversity studies formulate patterns in species composition at the stand scale evaluated in terms of differences and/or variability among replicate samples (e.g. forest plots); however, within-replicate heterogeneity is rarely documented or studied (Mehrabi et al. 2014) . As shown in the present study, both forest structure and species composition of different taxa may be unexpectedly heterogeneous locally within a relatively small area (1 ha) of undisturbed mixedwood forest. Although the stand-level focus for biodiversity assessment can reveal broad-scale patterns, it provides minimal understanding of potential effects of finescale spatial variability. Given that many site characteristics are discrete, and patchiness occurs even at local scales, conclusions about biodiversity may be even more biased in situations in which single samples are used to describe stand-level characteristics (González-Megías et al. 2007) .
Our results suggest that it is precarious to assume that assemblages recorded at single locations are representative of whole stands (Willis and Whittaker 2002) , even if the sample is based on several sub-samples. For instance, the assessment of structure, species composition, and diversity of different taxa would vary considerably depending on which subplot of our study was selected (Mehrabi et al. 2014) . Thus, the accuracy and precision of estimates, as is well understood, will depend on the taxon assessed and the number of samples per unit/area. In our case, richness for all assemblages is sufficiently assessed if about 10 (understory vegetation), 14 (carabid beetles), 17 (foliage spiders) and 18 (ground spiders) samples are considered within the 1-ha plot. The most important point of our study is that, in even an apparently homogenous forest, microsite variation is high, and thus, multiple local samples spread suitably in space will be required for dependable estimates of biodiversity. Figure 6 . Spatial distribution of the two most abundant species of ground spiders, foliage spiders, carabid beetles, and understory vegetation within the George Lake permanent 1-ha plot.
Although the situation described above is particularly obvious for small-bodied species and/or species with limited dispersal rates, it is ignored in most large-scale biodiversity surveys. For instance, if we had used data restricted to only one sub-plot to describe the species richness in the 1-ha plot, we would have captured 24.5% (ground spiders), 40.3% (foliage spiders), 43.9% (carabid beetles), and 60.4% (understory vegetation) of the actual observed number of species for each of these groups of organisms. Even though the last figure seems rather large for understory plants, still about 40% of the observed species would have been missed, and the proportion of missed species for carabids and spiders would have been even larger. This general issue may also be exacerbated for more mobile species, given changes in patterns of habitat heterogeneity across different spatial scales.
Spatial distributions of ground invertebrates vary hierarchically across scales ranging from those reflecting fine-scale habitat heterogeneity to those resulting from broad landscape structure (Burel 1989 , Niemelä et al. 1992a , Barbaro et al. 2007 ). Likewise, intraspecific competition in spider 'neighborhoods' varies with scale (Marshall 1997 , Birkhofer et al. 2006 ) and such patterns are in part driven by variation in environmental heterogeneity (Riechert et al. 1973 , Riechert 1974 , Major et al. 2006 . Spatial patterns of other invertebrates also seem to be influenced across scales by interspecific (intraguild) interactions (Birkhofer et al. 2007, Birkhofer and Wolters 2012) and predator-prey interactions (Grear and Schmitz 2005 , Birkhofer et al. 2010 , Sereda et al. 2012 . Furthermore, spatial aggregation and coexistence in plants are driven in part by dispersal processes, habitat heterogeneity, and neighborhood interactions (Lortie et al. 2005 , Semchenko et al. 2013 , Detto and Muller-Landau 2016 , Lara-Romero et al. 2016 , which determine changes in species richness across spatial scales (Auerbach and Shmida 1987 , Webb 1988 , Gardner and Engelhardt 2008 .
Our study documents considerable spatial variation in species distributions at a fine scale in the biota characteristic of different forest layers (i.e. ground, understory, and overstory), all apparently in response to fine-scale variation in habitat. In a general sense, such observations are well corroborated in the literature (Uetz 1979 , Niemelä et al. 1992b , Lundholm and Larson 2003 , Ziesche and Roth 2008 , Lundholm 2009 ). This variation generates local patterns reminiscent of Hanski's (1982) 'core and satellite species' hypothesis for diversity at larger scales. While many habitat-sensitive species were restricted in distribution across the 1-ha plot, about one-quarter of the species appeared to be more eurytopic and were widely distributed although their abundances varied among particular locations.
Interplay of factors such as dispersal capability and seasonality of species, microhabitat heterogeneity, and neighborhood interspecific interactions likely gives rise to the strong spatial association in composition among the four assemblages noted in this study, and it generates complex spatial relationships among elements of a local biota. Thus, it is not surprising that spatial associations with subtle variation in habitat are observed among particular assemblages (e.g. understory vegetation) and those that utilize them (e.g. foliage spiders), which in turn suggests the importance of neighborhood interactions taking place at different scales. It is worth mentioning here that to promote consistency, our analyses are restricted to understanding spatial variation only and do not account for temporal variability (e.g. ground spiders and carabid beetles were sampled throughout the summer of two consecutive years, but catches were pooled across seasons), which may reveal additional fine-scale patterns due to seasonality (i.e. within and among years).
Although most have found that tree diversity per se has little effect on species composition of epigaeic assemblages at the scale of this study (Schuldt et al. 2008 , Vehviläinen et al. 2008 , Bergeron et al. 2011 , overstory composition and the resulting forest and ground structure certainly does affect ground-active invertebrates (Gunnarsson 1990 , Uetz 1991 , Ziesche and Roth 2008 . Forest structure variables associated with the distribution of tree species show distinct patterns of heterogeneity across our 1-ha plot, and these influenced both composition and distribution of species in the understory and ground layers of the forest. Overall richness, abundance, and composition of understory plant and arthropod assemblages as well as abundance and distribution of individual species vary at different scales within the stand, and in relation to different forest structural features; thus, variation in the effects of forest structure apparently arises from a combination of species dispersal traits, microhabitat heterogeneity, and neighborhood interactions of species.
Our comparisons using Moran's I suggest that the spatial dependency for most of our observations occurs over just a few meters, and that two samples are essentially independent with respect to local biodiversity at distances  11 m. Pitfall trap captures of carabids in these same forests are spatially independent if located at a minimum distance of 15-25 m (Digweed et al. 1995 , Bohan et al. 2000 . Taken together, these patterns suggest that fine-scale variation in forest structure directly affects patterns in the distribution of these groups of organisms at about this same scale. Therefore, within-stand species distributions reflect from fine-scale forest habitat heterogeneity, and the number and exact location of either traps or plots matters for biodiversity assessments, especially for species with narrow microhabitat requirements. Consequently, monitoring protocols that do not account for this small-scale variation will provide inaccurate faunal/floral assessments, quite likely even at the level of species presence or absence.
Clearly, microhabitat variation at fine-spatial scales strongly influences distribution and composition of different groups of organisms (Cramer and Willig 2005 , Vinatier et al. 2011 , Munoz et al. 2014 . This is directly relevant to management and conservation because increasingly it appears that such variation is homogenized by human activities, such as land conversion and forest practices, among many others (Niemelä 1997 , Spence et al. 1999 , Work et al. 2010 . The local biodiversity that is aggregated in estimates of diversity at larger scales depends on such finescale variation and only efforts to apply this understanding will promote effective floral and faunal conservation. At the least, much biotic heterogeneity at the stand level for arthropods and understory vegetation likely reflects this small-scale variation (La Rocca 2016 , Oxbrough et al. 2016 . Thus, classification of stand polygons into a few coarse cover types only partially explains diversity patterns at larger scales (La Rocca 2016), and management activities applied at only this larger scale could have negative implications for conservation of forest biodiversity.
Complex interactions among habitat characteristics undoubtedly affect species abundances, and these in turn may significantly affect community composition and finescale spatial distribution of species. Thus local synchrony of many favorable habitat elements might explain why some species that are widespread across the 1-ha plot tend to exhibit higher abundances at particular locations within the plot. Other variables, such as species interactions or indirect effects (e.g. increased prey availability via vegetation structure and/or composition) not considered here, might also influence local species distributions. In the absence of perfect knowledge, however, we submit that only efforts to maintain natural variation in habitat quality will ensure sustainability of biodiversity resources in the long run.
Conclusions
Although the patterns discussed in our study relate only to a few selected taxa, we expect other biodiversity components with different functional roles (e.g. herbivores, detritivores, saproxylics, etc.) to exhibit similar responses as those described here for generalist predators (spiders and carabid beetles) and primary producers (understory vascular plants). Furthermore, the implications of our results are limited to revealing patterns associated with variation in forest structure and overstory characteristics and do not consider relationships with other abiotic variables, such as soil type, pH and moisture, micro-topography, and litter structure, which may contribute significantly to underlying mechanisms explaining the observed patterns.
Our results, however, underscore that fine-scale habitat variation plays an important role in structuring spatial distribution of species assemblages, even over short distances within a relatively homogeneous natural forest. Furthermore, we showed that the degree of such associations varies across scales and among assemblages or individual species. Nonetheless, much work conducted at the stand level, with basic habitat units identified through human perception (and then scaled up to be relevant to landscapes) assumes that species are distributed more or less homogeneously across a few samples, which are adequate to represent the whole stand. However, because fine-scale heterogeneity is often ignored in biodiversity assessments, their probable value in planning management of landscapes, and ultimately, for guiding effective conservation efforts, is likely quite limited.
